has studied on red and white muscle fibres of fresh water fish teleost (snake fish) and observed that (1) there was no difference between the membrane potential of the red muscle and that of white one (60-70mV) , (2) the red muscle did not generate the spike but did only junction potential, (3) the white muscle generated the spike but usually did not overshoot the resting potential.
(2) the red muscle did not generate the spike but did only junction potential, (3) the white muscle generated the spike but usually did not overshoot the resting potential.
Furthermore, he observed that junction potentials could be recorded from any point on the surfaces of both muscle fibres , and his results indicated that both muscles have polyaxonal innervation .
Different results were observed from the sea water fish (hagfish) by ANDERSEN, JANSEN and LOYNING (1963) . The membrane potential of the fast fibre was 74.6mV and that of the slow fibre was 46mV. The fast fibre gave rapid twitch contraction, while that of the slow fibre last more than 500msec . The fast muscle fibre appeared to be innervated with only one motor axon but the slow muscle fibre was usually innervated with more than two motor axons reaching the fibre. Furthermore, they reported that the red muscle could generate the spike.
The different results observed from the muscles of fresh water fish and sea water fish are partly due to the phylogenitic difference. Red (fin) muscle of sea water fish, namely puffer fish, showed about 70mV of resting potential and generated overshoot potential by nerve stimulation and the spike was sodium dependent, although tetrodotoxin (10-5g/ml) had no effect on the spike generation. Furthermore, the muscle fibres were innervated multi-diffusely. (T. HIDAKA, H. KURIYAMA, T. OSA and N. TOIDA, unpublished observation). However, the red muscle in the fresh water fish, namely silver carp did not generate a spike by nerve stimulation but did an excitatory junction potential, and the membrane capacitance measured in the red muscle was much higher than that observed in the white muscle. These relations agreed nicely with those observed in the tonic and twitch fibre of frog (ADRIAN and PEACHEY 1965, HIDAKA and TOIDA 1969 ).
The present experiments are intended to investigate the property of excitatory junction potential-activation-contraction relation and mechanical property of the red muscle fibre of silver carp. The neuromuscular junction potential recorded from the red muscle, in the present paper, was called excitatory junction potential.
The post-junctional membrane had not any folding structure of the membrane as observed in the neuromuscular junction area of the frog twitch muscle fibre but smooth ingression of the post junctional membrane faced with nerve terminal was observed (NISHIHARA 1966).
METHODS
The experimental method was the same as that described in the previous paper (HIDAKA and TOIDA 1969) . The preparation used in this experiment was red muscle, M. levator pinnae pectoralis together with its nerve (Th 1 and Th 2) dissected from the silver carp, Carassius auratus.
The solution contained, NaCl; 129.6mM, KCl; 2.7mM, CaCl2; 1.8mM, NaHCO3; 2.5mM.
The recording electrodes were glass micropipettes filled with 3M KCl. The motor nerves were stimulated by two platinum wires (diameter 0.2mm) in paraffin oil.
The tension development was measured with a mechano-transducer, manufactured by Nihonkohden Ltd. (SB-1T).
One side of the red muscle was fixed to a metal hook and the other side, the fin, was connected with a thread to the hook of the tension recorder.
The muscle bundles were dissected to several fibres. For the tension recording from the white muscle, the tip of a sharp needle fastened to the holding plate was inserted into the connective tissue of the myocomma close to the attachment of the muscle fibre. Another end of the muscle fibre was connected with a thread to the hook of tension recorder. mine and curare on the mejps and ejps of the red muscle were observed. Prostigmine (10-6g/ml) increased the amplitude and frequency of the mejps and prolonged the falling phase. The number of the mejps observed in 2 minutes was increased from 120 to 180. The mean amplitude was increased from 0.25mV (n=120) to 0.84mV (n=180) and the half duration was prolonged from 17.6msec (n=120) to 30.8msec (n=180).
This increase of the numbers of the mejp after treatment with prostigmine might be due to manifestation of mejp which were lost previously in the noise level. Prostigmine (10-6g/ml) also increased the amplitude of the ejps and prolonged their falling phase. The results were similar to those observed in the neuromuscular junction of 10-6g/ml) on the generation of mejps and ejps in red muscle were also observed. After 15min of treatment with d-tubocurarine, the mejps and ejps had completely disappeared.
Therefore the transmitter in the neuromuscular junction of this tissue is acetylcholine.
Excitatory junction potential.
Not only mejps but also ejps could be recorded wherever microelectrodes were inserted in the red muscle. When the were plotted, they appeared unrelated. These results also indicate that there is diffuse (multiple) innervation to the muscle fibres. As already described, the space constant of the red muscle was 2.1mm, therefore the ejps could be recorded wherever microelectrodes were inserted. However, the amplitudes of ejp recorded along the same muscle fibre did not completely agree with the relation expected from the space constant of the membrane.
Because, the discrepancy might be due to the multifocused diffused innervation and also due to the different safety factors of the peripherial nerve fibres which contained the various diameter of the nerve terminals.
NISHIHARA (1966) showed in the red muscle that single muscle fibre was innervated with more than one fore, the repetitive stimulations of the nerve to record the ejps along the muscle fibre might fail the generation of the ejp due to fading in the small nerve fibre.
The reversal potentials of the ejps recorded in red muscle were investigated. FIG.4 shows a series of ejps under the various membrane potentials set up by an intracellularly applied current . The membrane potentials were changed from the resting level by a steady current (200msec in duration) through the stimulating microelectrode.
The left hand side shows the actual changes in the membrane potentials and the amplitudes of the ejps, and the right hand side shows the superimposed figures traced from the actually recorded ones. As a consequence, it is seen that the ejp reversed its polarity when the membrane was maintained at an extreme level of depolarization . The ejp was zero at -30 to -35mV (n=5). Therefore this potential level might be the equilibrium potential of the ejp of red muscle fibres. This value was considerably lower (more negative) than that of other junction which have been investigated: 3. The effects of Ca++ and Mg++ on neuromuscular transmission. When the (Ca++)0 was increased from 1.8mM to 18mM, the membrane was hyperpolarized in proportion to the increase in (Ca++)0. The maximum slope of the membrane potential change produced by a tenfold change of (Ca++)0 was 22mV. Reduction of (Ca++)0 lowered the membrane potential. Effect of excess Ca++ (3 times of the normal concentration) on the me jps of the red muscle was observed.
Both the number and, more obviously, the amplitude of the mejps were increased.
The mean amplitude was increased to 3.5 times the normal amplitude in one case of maximum enhancement. The falling phase of the mejps was also prolonged and their time constant measured at the level of the membrane potential change (e-1) from the resting level increased to 3.2 times the normal value, indicating that enhancement of the amplitude of the mejps is mainly due to increased input resistance of the membrane (KATZ and THESLEFF 1957). Furthermore, when the effect of excess of Ca++ on the ejps was observed, the amplitude and duration of the ejps were increased more than would be expected from the increased in the resistance of the postsynaptic membrane.
These results indicate that excess calcium (3 times of the normal solution) increased not only the resistance of the postsynaptic membrane but also the release of chemical transmitter from the nerve terminals.
Mg++ changed the membrane potential only slightly. When (Mg++)0 was changed from 0.5mM to 5mM, the hyperpolarization of the membrane was only 4mV.
FIG .5 shows the effect of Mg++ (1.5-7.5mM) on the amplitude and number of the mejps measured for the 2 minutes duration.
The total number of the mejps observed in 2min decreased when (Mg++)0 was increased.
However, the mean amplitude of the mejps remained the same at various (Mg++)0. The effective membrane resistance, measured by the aid of intracellular polarization, was likewise unaffected by changes in (Mg++)0.
The ejps gradually decreased in amplitude and finally disappeared, when the (Mg++)0 was increased.
The compound action potentials were also recorded in order to investigate the effects of excess Ca++ and Mg++ on the motor nerve fibres, using the conventional sucrose gap method.
Action potentials ranging in amplitude from 10-20mV could be recorded.
The amplitude of the spike recorded in 5.4mM Ca++ was very similar to that observed in 7.5mM Mg++.
From the above effects of Ca++ and Mg++ on the mejps and ejps, it might be concluded that excess Ca++ increased the membrane potential and the mem- 4. Synaptic delay. Nerve action potentials and excitatory junction currents (ejcs) were recorded simultaneously using microelectrodes placed extracellularly in the neuromuscular junction area (KATZ and MILEDI 1965). The electrodes ing electrode was just placed on the surface of the muscle membrane, ejcs could be recorded almost everywhere. The electrode was moved along the muscle fibre longitudinally and where the sharpest ejs was recorded, the nerve action potential which preceded the ejc was observed.
FIG.6 shows nerve action potentials and ejcs recorded simultaneously from red muscle by extracellularly placed electrode.
The upper record shows the successive records and the lower one shows more than 20 superimposed sweeps. The half duration at 50% height was 0.4msec for the spikes, and 1.5msec for the ejcs. The delay in generation of the ejcs, after the peak of the nerve action potential, was 0.3-0.8msec (mean 0.53msec, n=105). This value agrees with the observations on the neuromuscular junction of frog twitch fibre (KATZ and MILEDI 1965).
FIG.6.
Nerve action currents and ejcs recorded simultaneously at neuromuscular junction in red muscle by extracellular electrode; upper, two successive records.
lower, a record of more than 20 superimposed sweeps. 5 . The relation between the membrane potential and tension development. The amplitude of the tension development was measured both at maximum tension development and after 10min, because it did not remain at the same level, when the (K)0 was increased, but gradually decreased.
When the (K)0 was increased to more than 10mM, the membrane was depolarized from 73mV to 60mV and tension started to develop. By increasing the external potassium concentration, the depolarized membrane induced a rise in tension development until the membrane was depolarized to 25mV. The critical level of membrane potential to induce tension development was 60mV and this level was exceeded by the amplitude of the ejp. Tension development after immersion for 10min in excess (K)0 was significantly lower than the maximum level of tension development and a contracture response was produced.
FIG .8 shows the relation between the ejp and tension development recorded from the fibres simultaneously at different intensities of field stimulation using
Relation between the membrane potential and tension development.
Ordinate; the tension development and the membrane potential. Abscissa; external potassium concentration on a logarithmic scale. Dotted lines; the membrane potential at the normal potassium concentration and that at the potassium concentration required to induce tension development . Tension (1) gives the maximum tension development . Tension (2) gives the amplitude of tension development after 10min exposure in the various potassium concentrations.
More details , see text.
FIG.8.
Relation between the ejp and tension development recorded from the same fibre at different intensities of field stimulation (0.5msec in duration). Intensities of the stimulation are gradually increased from a to d. In e base lines of the ejp and the tension development are superimposed at the same level.
multigrid electrodes. The muscle was dissected to a diameter of 1mm, therefore the tension development might not be solely due to tension development in the single cell in which the microelectrode was inserted. However, the amplitude and duration of the ejp were closely related to the latency and the amplitude of the tension development.
In this cell, 6mV of depolarization by the ejp was accompanied with the tension development with a long interval of 20msec from the peak of the ejp to the onset of tension development (b), and higher amplitude of the ejp reduced the latency to a certain extent and increased the amplitude of the tension development (c and d). At a membrane potential of 71mV, the time required for the excitation-contraction coupling, from the 60mV level of the upstroke of the ejp to the onset of the tension development, was 6.5msec.
The duration of tension development was about 100msec.
More detailed studies of tension development in red muscle in comparison with that in white muscle are being carried out. Mejps recorded from both red and white muscle indicate diffuse innervation;
i.e. histograms of the amplitudes and intervals of the mejps showed skew curves.
Differences in innervation between red and white muscle were classified according to the distribution of the ejps along single muscle fibres, the former having multifocused diffuse innervation and the latter diffuse innervation with only a few sites (T. HIDAKA and YAMAMOTO unpublished observation).
These findings were supported by electron microscopic observations (NISHIHARA 1966), i.e. at the neuromuscular junctions of both fibres, the motor nerve endings, several of which occur on an individual fibre, are oval or spherical in shape and fit into smooth depressions in each muscle fibre.
The post-junctional sarcolemma lacks any infolding and where the nerves fibres terminate, densely grouped terminals are often observed in some areas of the fibre surface, and slightly deepened sarcolemmal depressions in others. especially in red fibres. The distance between the nerve terminals is In our electrophysiological observations, several peaks of the ejp appeared within a distance of 2.5mm. This is typical feature of slow muscle.
The equilibrium potential of the ejp measured from the neuromuscular junction of the red fibre was -30 to -35mV: this value is lower than the others previously described.
This result might indicate that more negative equilibrium potential (Ee) is due to difference of the total ionic distributions across the cell membrane or that the shunting resistance of the postsynaptic membrane caused by release of the chemical transmitter is rather larger than those observed in the frog twitch fibres. AND N. TOIDA del CASTILLO and KATZ (1954a) observed that excess calcium enhanced the amplitude of the epp in the frog twitch fibre and excess magnesium reduced the amplitude in the active state but no effect was observed on the appearance of mejps. However, in the mammal, it was reported that not only in the active state but also in the resting state, excess calcium accelerated the number of quanta release and excess magnesium reduced it (BOYD and MARTIN 1956 , LILEY 1956 , HUBBARD 1961 . Our results showed clearly that excess calcium increased not only the amplitude of the mejps but also their frequency and excess magnesium reduced the frequency during the resting state of the membrane.
Excess magnesium had no effect on the amplitude of the spike recorded from the nerve fibres, the membrane effective resistance or the membrane potential, and no change was observed in the mean amplitude of the mejps recorded before and after application of excess magnesium. However, it is unlikely that the increased amplitude and frequency of the mejps in the presence of excess calcium were entirely due to presynaptic features, since the effective resistance of the postsynaptic membrane was increased.
The amplitude of the mejps and input reisistance of the postsynaptic membrane were proportionally related, as described by KATZ and THESLEFF (1957) . The synaptic delay in the red muscle measured by the extracellular recording method was 0.3-0.8msec which agrees roughly with the value given for frog twitch fibres (KATZ and MILEDI 1965).
2. E-C coupling in red muscle. Recently SANDOW (1965) reviewed excitationcontraction coupling in the various kinds of muscle. LUTTGAU (1965) studied the relationship between tension development and the degree of membrane depolarization in cardiac muscle. HOROWICZ (1957, 1960) observed the relation between the (K)0 and tension development as well as the relation between the degree of membrane depolarization and tension development in frog twitch fibres. In this skeletal muscle, the critical membrane potential 1960). The critical membrane potential was always constant in crustacean muscle (ORKAND 1962) . In this red muscle the critical potential was about physiological saline solution.
The maximum contracture appeared at a membrane potential of -28mV and further depolarization of the membrane produced lower tension development.
The mean membrane potential of red muscle was -75mV and the amplitude of the ejps varied from 5mV to 24mV. Therefore, the usual amplitude of the ejps was sufficient to produce the critical membrane potential and hence generate tension.
In skeletal muscle, onset of tension development appeared 3-4 msec after the onset of the spike. The maximum rate of rise of the spike was 450V/sec required to induce tension development was -58 mV (HODGKIN and (NASTUK and HODGKIN 1950) . However, in the red muscle of fish, the maximum rate of rise of the ejps was 0.5-5.4V/sec and when the onset of tension development was measured after the membrane had been depolarized to 60mV, the mean value of latency was 6.5msec. Therefore, the time required for excitation-contraction coupling would be more than twice of that in the frog twitch fibre. SUMMARY 1. Neuro-muscular transmission of excitation, excitatory junction potentialactivation-contraction link and tension development in the red muscle of the silver carp (Carassius auratus) were investigated and the results were compared with those of the white muscle and with the frog slow fibres. 2. Miniature excitatory junction potentials (mejps) could be recorded from the postsynaptic membrane.
The mean amplitude was 0.45mV and the mean interval was 421msec.
The histograms of the mejp amplitudes and of intervals were skew. The mejps and excitatory junction potentials (ejps) produced by nerve stimulation were probably due to release of acetylcholine from the nerve terminals. 3. The observation that ejps were recorded in many parts of the same muscle fibre in response to nerve stimulation suggested a diffuse innervation of the muscle fibre. 4. The equilibrium potentials of the ejps recorded in red muscle ranged between -30 and -35mV. 5. Excess calcium increased the effective resistance of the postsynaptic membrane and increased the amplitude of the mejps and ejps. Excess magnesium did not change the membrane resistance but reduced the frequency of the mejps and the amplitude of the ejps. 6. The delay in generation of ejp after the peak of the nerve action potential was 0.53msec. 7. The relation between the membrane potential and tension development was determined.
The critical level of membrane depolarization required to induce tension development was 60mV and this level was exceeded by the amplitude of the ejp.
